During pregnancy and lactation, the maternal body undergoes many changes in the regulation of appetite, body weight, and glucose homeostasis to deal with the metabolic demands of the growing fetus and subsequent demands of providing milk for offspring. The aim of the current study was to investigate the consequences of one reproductive cycle of pregnancy and lactation on the long-term regulation of energy homeostasis. After weaning of pups, reproductively experienced (RE) mice maintained a higher body weight compared with age-matched control mice. Although there was no difference in daily food intake or the feeding response to exogenous leptin administration, RE mice were less active than age-matched control mice as measured by average daily x + y beam breaks or average daily ambulatory distance. RE and age-matched controls were also subjected to either a high-fat diet or control diet for 6 weeks to determine if experiencing a major challenge to energy homeostasis such as pregnancy and lactation leads to increased susceptibility to a second challenge to this system. Although both RE and control mice gained a similar amount of body weight on the high-fat diet, only the RE mice had impaired glucose tolerance when consuming the high-fat diet, thus demonstrating an increased susceptibility to the negative consequences of a high-fat diet after pregnancy and lactation. Overall, these data indicate that pregnancy and lactation have long-term consequences on energy homeostasis in mothers. (Endocrinology 159: 2324(Endocrinology 159: -2336(Endocrinology 159: , 2018 T he term "reproductive experience" in females has previously been defined to include the individual events of mating, pregnancy, parturition, or lactation, as well as the sequential combination of these events (1). As well as requiring immediate changes in physiological processes to facilitate these reproductive processes, such reproductive experience can induce long-term, even permanent, changes in female physiology. The systems affected are wide ranging, with some of the most well characterized including changes in the secretion of prolactin and sensitivity to prolactin action, changes in estrogen receptor expression, improved maternal behavior in subsequent lactational periods, and changes in learning and memory [reviewed in Bridges (1)]. These same biological systems can be further influenced by subsequent reproductive episodes, having a lasting impact on health of the mother.
T he term "reproductive experience" in females has previously been defined to include the individual events of mating, pregnancy, parturition, or lactation, as well as the sequential combination of these events (1) . As well as requiring immediate changes in physiological processes to facilitate these reproductive processes, such reproductive experience can induce long-term, even permanent, changes in female physiology. The systems affected are wide ranging, with some of the most well characterized including changes in the secretion of prolactin and sensitivity to prolactin action, changes in estrogen receptor expression, improved maternal behavior in subsequent lactational periods, and changes in learning and memory [reviewed in Bridges (1) ]. These same biological systems can be further influenced by subsequent reproductive episodes, having a lasting impact on health of the mother.
Among the most dramatic changes that a mother undergoes during pregnancy and lactation are adaptations to energy balance to enable successful fulfillment of these reproductive processes (2) . Our key interest is how long-term energy homeostasis may be affected by these metabolically demanding states and the changes that occur in metabolic regulation during reproductive experience. Multiple pregnancies in mice and rats have been shown to lead to increased maternal body weight (3, 4) . Similarly, following pregnancy in humans, body weight is likely to be higher at 1 year postpartum compared with prepregnancy weight (5, 6) . Although there are thought to be many psychological and lifestyle factors involved with this in humans (7, 8) , few studies have looked at how the physiological processes driving long-term body weight regulation/energy homeostasis may have changed in females after reproductive experience.
Pregnancy and lactation are two of the most energetically demanding physiological events that the body can go through. During pregnancy, the mother must supply all the energy of the developing fetus and supply her own tissues, such as mammary glands, with energy required for appropriate growth. Concurrent with these new energy demands, mothers also build up energy stores by way of fat deposition, in anticipation of the further demands of lactation (9) (10) (11) . Lactation can be even more metabolically challenging in mammals, in whom energetically costly milk production is required to feed the growing offspring. Indeed, although food intake increases during pregnancy, the increase in energy intake required during lactation in commonly studied laboratory rats and mice can be upward of 300% that of virgin controls (12) . Multiple adaptations occur to help the mother cope with these increased energy demands. For example, maternal tissues become insulin resistant to facilitate transfer of glucose to the fetus, and there is an increase in insulin production to maintain maternal blood glucose at an appropriate concentration (13, 14) . There are also changes in the response to satiety factors such as leptin (9, 15, 16) , a-melanocyte stimulating hormone (17, 18) , cholecystokinin (19) , and insulin (20) , which may help promote increased food intake and fat storage.
Whenever there are major changes in body size, such as following major weight loss, the body undergoes longterm changes in metabolism [reviewed in Melby et al. (21) ]. For example, in studies investigating responses to weight loss, many studies report a reduction in resting metabolic rates that is greater than would be expected simply by the decrease in body mass (21) (22) (23) . Thus, the data suggest that one long-term consequence of weight loss, challenging the normal homeostatic regulation of body weight, is a compensatory increase in metabolic efficiency. Like weight loss, pregnancy and lactation are major challenges to energy homeostasis (24, 25) , with significant increases in weight gain during pregnancy followed by weight loss during lactation. It could, therefore, be hypothesized that this challenge to normal energy homeostasis and the many adaptations that take place in the mother to meet this challenge will have longterm effects on the regulation of energy balance, which may persist after the period of pregnancy and lactation is completed. This could account for the increased risk of weight gain observed in reproductively experienced (RE) females, described above. The aim of this study was to investigate long-term changes in energy homeostasis in female mice following successful pregnancy and lactation. Furthermore, RE (one cycle of pregnancy and lactation) and control (virgin, age-matched) female mice were challenged with a high-fat diet (HFD) to determine if having experienced a major challenge to energy homeostasis such as pregnancy and lactation leads to increased susceptibility to a second challenge, that of HFD.
Methods

Mice
Adult female C57BL/6J mice (aged 8 weeks, weighing 18 to 20 g) were obtained from the University of Otago's colony at the Taieri Resource Unit. All experimental protocols were approved by the University of Otago Animal Ethics Committee. Mice were housed in a temperature-and lighting-controlled environment (21°C, 12 hours light/12 hours dark, lights on 0800 hours) and allowed access to food and water ad libitum, except during fasting, when only water was available. When required, the estrous cycle was monitored by daily cytological examination of vaginal smears. From age 8 weeks, female mice were weighed weekly. At 9 weeks of age, half of the mice were housed with a male mouse until pregnancy was confirmed by the presence of a mucous plug in the morning following mating (day 1 of pregnancy). The day of parturition was considered day 1 of lactation, and pups were weaned on day 21 of lactation. Body weight was monitored throughout pregnancy, and on day 3 or 4 of lactation, litter size was normalized to six pups per litter. Maternal body weight and litter weight were monitored weekly until day 21 of lactation, when pups were removed from the cage. Following this, body weight was monitored weekly for at least another 8 weeks. All mice were individually housed once litters were weaned or at an equivalent age for the age-matched control mice. For all studies, controls were age-matched to the RE mice.
Metabolic phenotyping
At 4 weeks after weaning of pups, one cohort of mice (agematched controls, n = 7; reproductively experienced, n = 9) were housed for 5 days in Promethion metabolic phenotyping cages for the recording and collection of metabolic and behavioral data (Stable Systems International, North Las Vegas, NV). At ;8 weeks after weaning of pups, a second cohort of mice (agematched controls, n = 8; reproductively experienced, n = 9) were housed for 4 days in Promethion mice cages for the recording and collection of metabolic and behavioral data (Stable Systems International) with the addition of running wheels. Data were collected on body weight changes, food intake and feeding behavior, running wheel activity, infrared (IR) beam breaks as a measure of activity, and oxygen consumption and carbon dioxide production to determine energy expenditure. The number of meals/feeding bouts per day was calculated, and a feeding bout or meal was defined as a significant reduction in weight of the food hopper with a minimum intake duration of 30 seconds. Time spent eating was defined as the time the mouse interacted with the food hopper and there was a significant reduction in weight of the food hopper, with a maximum "within-intake" pause of 150 seconds allowed. Meal duration was considered the total time of each meal, as defined above, and meal size was defined as the total amount of food consumed during each meal.
Elevated plus maze study
Elevated plus maze (EPM) activity was examined at ;7 weeks after weaning of pups, after at least two consecutive estrous cycles. For all mice, the test was carried out on the diestrous phase of the estrous cycle, between 1100 and 1300 hours. Mice were placed on the central area of an EPM facing an open arm and allowed to roam at will. The first 5 minutes after being placed on the EPM were recorded and used for analysis. Recordings were analyzed blind to experimental group using TopScan (CleverSys, Reston, VA). Amount of time spent in open or closed arms was determined along with number of arm entries and distance traveled during the test.
Postfasting hyperphagia and leptin sensitivity
In one cohort of mice, ;9 weeks after weaning of pups, food intake and body weight along with estrous cycle stage were monitored daily for 10 days in their home cages, and then mice underwent a 24-hour fast on a random day of the estrous cycle. Following this, food intake and body weight were monitored for 2 days. Approximately 1 week later, on a random day of the estrous cycle, mice were fasted for 8 hours during the light phase (1000 to 1800 hours), and then 2 hours before the start of the dark phase (1800 hours), mice received an IP injection of either leptin (1 mg/kg dissolved in vehicle) or vehicle (PBS, pH 7.4) and food was returned. Food intake was measured 16 hours following injection (14 hours after the start of lights off). Food intake and body weight were monitored daily, and 1 week later, the experiment was repeated, but mice received the other treatment, thus serving as their own controls. At the time of food intake measurements the following day (2 hours into the light phase), mice were treated with either leptin or vehicle (the same treatment they received the day before). Two hours later, mice were anesthetized with a single IP injection of pentobarbital and intracardically perfused with cold 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were removed and postfixed using the same fixative overnight at 4°C and then soaked in sucrose solution (30% sucrose in 0.1 M phosphate buffer) at 4°C until the brains had sunk. Brains were frozen and then stored at 280°C until further processing. At the time of perfusion, a blood sample was collected from vehicle-treated mice, from the descending aorta using a heparinized syringe. Blood samples were centrifuged and plasma samples were collected and stored at 220°C until further processing. Plasma leptin concentrations were determined in samples using a mouse leptin enzymelinked immunosorbent assay kit (RRID: AB_2722664; catalog no. 90030; Crystal Chem, Inc., Downers Grove, IL) as per the manufacturer's instructions.
Immunohistochemistry
Coronal sections (30 mm) were sliced throughout the arcuate nucleus and collected in three series containing sections 90 mm apart. To examine leptin-induced STAT3 activation in the hypothalamus of RE and age-matched control mice, one series of sections was processed for immunohistochemistry using a phospho-STAT3 specific antibody [Phospho-Stat3 (Tyr705) (D3A7) XP Rabbit monoclonal antibody; 1:3000; RRID: AB_2491009; catalog no. 9145; Cell Signaling Technology, Beverly, MA] as previously described (15) .
A second series, using only the vehicle-treated RE and agematched controls, was processed for immunohistochemistry using an estrogen receptor a (ERa) specific antibody (polyclonal rabbit anti-ERa, c1355; RRID: AB_310305; catalog no. 06-935; Millipore, Billerica, MA). Sections were washed three times with Tris-buffered saline (TBS) for 10 minutes per wash, and all following immunohistochemistry steps were separated by three washes (10 minutes each) in TBS. After initial washes, sections were incubated for 10 minutes in TBS/0.3% H 2 O 2 / 10% methanol. Following this, sections were incubated for 72 hours at 4°C in TBS/0.1% Triton/2% normal goat serum containing the ERa antibody (1:10,000). Sections were then incubated for 3 hours at room temperature with a horseradish peroxidase goat anti-rabbit antibody (1:500), and then the peroxidase signal was visualized using nickel-diaminobenzidine tetrahydrochloride using glucose oxidase to create a black, nuclear precipitate. All brain tissue sections were viewed and photographed on an Olympus AX70 research microscope (Olympus, Tokyo, Japan). The number of cells positive for ERa immunoreactivity was quantified in the arcuate nucleus, and for phospho-STAT3, both the arcuate nucleus and ventromedial nucleus (VMN) were analyzed (;21.34 to 22.30 mm, relative to bregma) (26) . At least three sections were analyzed per animal. For each mouse, the average number of positive cells per section was calculated and used for statistical comparisons between groups.
Western blot analysis
In another group of mice, brown adipose tissue (BAT) was collected ;9 weeks after weaning of pups, on a random day of the estrous cycle. BAT tissue was immediately frozen and stored at 280°C until further processing for western blot analysis. Briefly, BAT samples were homogenized in 1:40 w/v 62.5 mM Tris (pH 6.8), containing 1% SDS and a cocktail of protease inhibitors (complete protease inhibitor; Roche Diagnostics GMbH, Mannheim, Germany), including phenylmethylsulfonyl fluoride (1 mM), sodium orthovanadate (1 mM), and so on. Samples were centrifuged at 13,000 rpm for 10 minutes at 4°C and the supernatant was collected, and this spin and collection cycle was repeated a second time. Protein concentration in each sample was determined by a modification of the Lowry method using a protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA). Samples containing 8 mg protein were heated at 96°C for 4 minutes after the addition of loading buffer containing 2b-mercaptoethanol and then separated on a 10% SDS-PAGE gel and electrotransferred to nitrocellulose membrane. Membranes were incubated in LI-COR blocking buffer (LI-COR Biosciences, Lincoln, NE) diluted 1:1 in TBS for 1 hour at room temperature and then incubated overnight at 4°C with primary antibody in TBS/0.1% Tween 20/0.1% BSA. Primary antibodies used were rabbit anti-b-tubulin (1:3000; RRID: AB_2210545; catalog no. 2146; Cell Signaling Technology) and rabbit anti-UCP1 (1:3000; RRID: AB_2241462; catalog no. ab10983; Abcam, Cambridge, United Kingdom). Membranes were then incubated with an antirabbit immunoglobulin G-IRDye-conjugated secondary antibody (1:10,000; Millennium Science, Mulgrave, VIC, Australia) in TBS for 1 hour at room temperature. Fluorescence was visualized using the LI-COR Odyssey IR Fluorescence Imaging system, and images were quantified using the LI-COR Odyssey software. All UCP1 values were normalized to b-tubulin levels in the same sample. The control group was normalized to a value of 1, and all data are expressed relative to this group. Loading control (b-tubulin) values were compared to ensure equivalent protein loading between samples.
HFD challenge
A third cohort of mice (age-matched controls, n = 22; RE, n = 23) were similarly generated, but at ;1 week after pups were Figure 1 . (A) Body weight of age-matched virgin female mice (control, n = 19) and female mice that underwent mating, pregnancy, parturition, and lactation (RE, n = 20) from 8 until 24 weeks of age. RE group was mated after body weight was measured at 9 weeks of age and then had their pups weaned after 3 weeks of lactation. Body weight and average daily food intake at (B) 4 weeks and (C) 8 weeks after weaning of pups for the RE group or equivalent time for the control group. Graphs show the (D) mean number of meals per 24 hours, (E) average meal duration, and (F) average meal size for control and RE mice at ;4 weeks after pups were weaned. Stage of estrous cycle was monitored for 10 days at doi: 10.1210/en.2018-00057 https://academic.oup.com/endoweaned and removed from the mother's cage (or equivalent age for age-matched controls), mice were put on either an HFD (45% kcal as fat, 4.73 kcal/g; catalog no. D12451; Research Diets, Inc., New Brunswick, NJ) or a control diet (10% kcal fat, 3.85 kcal/g; catalog no. D12450B; Research Diets), and body weight was monitored for the following 6 weeks. Twenty-fourhour food consumption was monitored after 2 and 6 weeks on the special diets. After 7 to 8 weeks on the special diets, all mice underwent a glucose tolerance test on a random day of the estrous cycle. Mice were fasted overnight, and then basal blood glucose levels were measured from tail blood using a glucometer (Accu-Chek Performa; Roche Diagnostics GMbH). Basal blood glucose levels were measured 30 minutes after the first measurement and then directly after mice received an IP injection of glucose (1 g/kg dissolved in saline). Blood glucose levels were measured 15, 30, 45, 60, 90, 120, and 150 minutes after the glucose injection. After the glucose tolerance tests, mice were returned to normal chow diet, and body weight was monitored weekly for 4 more weeks. Mice were decapitated on a random day of the estrous cycle, and brains were collected and then immediately frozen on dry ice and stored at 280°C until further processing. Trunk blood samples were also collected from the control diet mice, and plasma samples were stored at 220°C until plasma prolactin concentrations were measured in duplicate 10-mL sample volumes by doubleantibody radioimmunoassay as described previously (27) . Hypothalamic nuclei were microdissected from brains using a micropunch technique as previously described (9) . Protein concentrations were determined, and samples containing 10 mg of protein underwent separation on SDS-PAGE gels and electrotransferred to nitrocellulose membrane, then probed as described previously. Primary antibodies used were rabbit anti-b-tubulin (1:2000; catalog no. 2146; Cell Signaling Technology) and rabbit anti-ERa (polyclonal rabbit anti-ERa, c1355; 1:1000; catalog no. 06-935; Millipore).
Statistical analysis
Data are presented as mean 6 SEM, and all statistical analyses were undertaken using GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA). Weekly body weight after weaning of pups, as well as body weight and food intake before and following a 24-hour fast, were analyzed by repeatedmeasures ANOVA. Satiety effect of exogenous leptin treatment, locomotion and VO 2 in the light and dark phase, body weight gain during the HFD, and glucose tolerance during the HFD were analyzed by two-way ANOVA. All other data were analyzed by the Student t test.
Results
Following pregnancy and successful lactation, at all times points after weaning of pups, RE female mice had significantly higher body weight than age-matched controls (Fig. 1) [main effect of physiological state, P , 0.05, F(1, 255) = 149.4]. There was no difference in total daily food intake between RE and control mice at any time point measured (Fig. 1B and 1C) . Furthermore, RE and control mice had similar numbers of meals per day, meal duration, meal size (Fig. 1D-1F) , and amount of food intake and time spent eating in both the light and dark phases of the 24-hour light cycle. At ;9 weeks after weaning of pups, control and RE mice displayed a similar number of estrous cycles over the 10-day monitoring period (Fig. 1G and 1H) . In response to a 24-hour fast, RE and control mice showed a similar pattern of weight loss, and after fasting, all mice showed a similar hyperphagic response, which was still present the second 24 hours after fasting (Fig. 2B) [main effect of time, P , 0.05, F(93, 60) = 118.6; Tukey multiple comparisons, P , 0.05]. Throughout the fast/refeed protocol, body weights of RE mice were significantly higher than control mice [main effect of physiological state, P , 0.05, F(1, 20) = 12.31]. In response to exogenous leptin, both control and RE mice showed leptin-induced suppression of food intake, and this effect was similar in the two groups (Fig. 2C) [main effect of treatment, P , 0.05, F(1, 34) = 13.09]. Similarly, both control and RE mice showed a similar increase in phospho-STAT3-positive cell number after leptin treatment in the arcuate nucleus and VMN (Fig. 2F, 2G , and 2H) [arcuate nucleus: main effect of treatment, P , 0.05, F(1, 17) = 37.21; VMN: main effect of treatment, P , 0.05, F(1, 16) = 37.74]. Plasma leptin and prolactin concentrations were similar in age-matched controls and RE mice ( Fig. 2D and 2E) .
The metabolic phenotype of RE and control mice was further investigated using Promethion metabolic cages that record metabolic and behavioral data (Stable Systems International). Spontaneous physical activity was defined as any home cage activity measured by IR beam breaks that did not include voluntary running wheel activity. RE mice exhibited significantly reduced spontaneous physical activity compared with control mice, both in terms of ambulatory movement (Fig. 3A) [interaction between time of day and physiological state, F(1, 28) = 4.593] and total number of x + y beam breaks per day (Fig. 3F) . Both groups had similar daily z beam break numbers (Fig. 3G) . The RE mice spent significantly more time being "still" (no change in beam break activity) compared with controls (Fig. 3H) . Walking speed tended to be slower in RE mice compared with control mice (Fig. 3I ), but this did not reach statistical significance (P = 0.07). Energy expenditure was evaluated by indirect calorimetry, and despite the differences in spontaneous physical activity, there was no significant difference in total daily energy expenditure between the two groups as measured by total body VO 2 (Fig. 3B) or https://academic.oup.com/endototal daily energy expenditure (Fig. 3E) . Similar results were detected when VO 2 was normalized to assumed lean body mass, which was calculated using Kleiber law (lean body mass = body mass 0.75 ) (28, 29) . As a proxy indicator of basal metabolic rate (BMR), average energy expenditure was determined in the 30-minute time period corresponding to the lowest activity for each mouse. Energy expenditure was significantly increased in the RE mice compared with control mice, but when differences in body weight were taken into account, there were no Figure 3 . Lines indicate mean (A) daily ambulation distance, (B) oxygen consumption, and (C) respiratory exchange ratio (RER) plotted at 1-hour intervals during a 24-hour period and bars represent (A) total daily ambulation distance, (B) oxygen consumption, and (C) RER in the light phase and the dark phase of the light cycle in control (n = 7) and RE mice (n = 9) at 4 weeks after pups of the RE group had been weaned. *Significantly different from control group in the same phase of the light cycle, P , 0.05. Bars represent (E) total daily energy expenditure (EE; Kcal per 24h), (F) x + y beam breaks, (G) z beam breaks (indicating "rearing"), (H) duration when there was no locomotion activity ("still"), and (I) walking speed in control (n = 7) and RE mice (n = 9) at 4 weeks after pups of the RE group had been weaned. *Significantly different from control group, P , 0.05. (D) Images show representative immunoblots for UCP1 and b-tubulin (loading control) in protein samples from BAT from control (n = 6) or RE (n = 6) mice. UCP1 levels were normalized to b-tubulin levels in the same sample and expressed as a proportion of control levels. significant differences in energy expenditure for this period of time (analysis of covariance with body weight as dependent variable), suggestive that BMR did not differ between groups when differences in body weight were taken into account. Similarly, control and RE mice had similar levels of UCP1 in BAT (Fig. 3D) , suggesting no difference in thermogenesis in BAT. Respiratory exchange ratio (RER) was significantly higher in RE mice than controls during the later stages of the dark phase (0500 to 0559 hours) (Fig. 3C) [interaction between time of day and physiological state, F(24, 336) = 1.63, P = 0.033; Sidak multiple-comparisons test, 0500 hours, P , 0.05). However, total 24 hours or light phase or dark phase RER was not significantly different between RE and control mice (Fig. 3C) . At this same time point in the dark phase of the cycle (0500 to 0559 hours), there was a trend for RE mice to have increased ambulation compared with controls (Student t test, P = 0.0828), which is the opposite to the overall daily ambulation patterns from these two groups (Fig. 3A) .
When mice had a running wheel available, both RE and control mice engaged in similar levels of voluntary running activity, as measured by distance run per day (Fig. 4) . Although mice housed with running wheels had overall less ambulatory activity around the cage than mice housed without wheels, the RE mice still had significantly lower levels of ambulatory activity than the control mice (Fig. 4) [main effect of physiological state, F (1, 15) = 6.695], and these reduced levels were detected in both the dark and light phases of the 24-hour light/dark cycle (Fig. 4) .
Anxiety-like behavior was measured with an EPM protocol on diestrus in both groups of mice. The RE mice spent significantly less time in the open arms of the EPM compared with the control mice (Fig. 5A) . Total arm entries (and total closed-arm entries) did not differ between groups (Fig. 5B ), yet there was a significant reduction in the total distance traveled during the test in the RE mice compared with the controls (Fig. 5C) .
In both RE and control groups, HFD fed mice had significantly greater body weight compared with control diet-fed mice after 4 weeks of being on the special diet (Fig. 6 ). Over the course of 6 weeks on the diet, the changes in body weight for the control HFD and RE HFD groups were similar, as were the changes in body weight for the control mice on control diet and RE control diet (Fig. 6) [main effect of diet, F(1, 41) = 33.95]. All four groups had similar caloric intake at both 2 and 6 weeks (data not shown). Exposure to 7 weeks of the HFD significantly impaired glucose tolerance in the RE mice but not the control mice [interaction of physiological state and diet, F(1, 31) = 6.485, P , 0.05; Sidak multiplecomparisons test, RE control vs RE HFD, P = 0.0033, t = 3.449, df = 31) ( Fig. 6C and 6D ). All groups had similar fasting blood glucose levels. Approximately 9 weeks after pup weaning, the number of cells that stained positively for ERa in the arcuate nucleus was similar in control and RE mice (Fig. 7A) . Furthermore, there was no difference in the amount of ERa from the arcuate nucleus of control and RE mice that had previously been feed either the control diet or the HFD, as measured by western blot analysis (Fig. 7B) . . Lines indicate (A) mean running wheel distance or (B) mean daily ambulation distance plotted at 1-hour intervals during a 24-hour period, and bars represent (A) total daily running wheel distance or (B) ambulation distance in the light phase and the dark phase of the light cycle in control (n = 8) and RE mice (n = 9) at 8 weeks after pups of the RE group had been weaned. *Significantly different from control group in the same phase of the light cycle, P , 0.05. Con, control; n.s., not significantly different. doi: 10.1210/en.2018-00057 https://academic.oup.com/endo
Discussion
Weight retention after pregnancy and lactation in humans is a common occurrence (5, 6), and going through pregnancy and lactation are risk factors for increased body weight and metabolic syndrome later in life (30) . The aim of the current study was to examine physiological changes in energy homeostasis after successful pregnancy and lactation to determine if undergoing these metabolically demanding situations has long-term physiological changes in the systems underlying body weight homeostasis. Following pregnancy and lactation, after pups were weaned, RE mice did not return to prepregnancy body weight, and for the duration of the studies (up to 10 weeks postweaning of pups in some studies), RE mice maintained a significantly higher body weight than age-matched controls; thus, after only a single pregnancy and period of lactation, female mice experience postpartum body weight retention. During pregnancy and lactation, food intake is increased to meet the metabolic demands of the growing fetus and then to produce milk to supply offspring. Moreover, during pregnancy, food intake increases to allow an increase in fat mass as a proposed potential energy reserve for the extreme metabolic demands of lactation. Despite the dramatic changes observed during pregnancy and lactation, food intake after a reproductive experience did not differ from age-matched virgin controls. Furthermore, we observed no significant difference in any aspect of normal daily feeding behavior between the RE and age-matched virgin mice. Pregnancy is associated with a state of insensitivity to the satiety actions of leptin (15), but results from the current study confirm that this is a temporary state, as RE mice were responsive to leptin in terms of reduction in food intake. It would also seem likely, although remains to be tested, that systems such as the melanocortin pathway are also unaffected in RE mice given that leptin responsiveness is similar in RE and control mice. Overall, although an increased body weight was maintained long term in the RE mice, there was no difference in food intake, feeding behavior, or leptin sensitivity between RE and age-matched virgin control mice. It would appear that RE mice retain some of the increased body weight of pregnancy indefinitely after weaning of the pups and that this becomes a new "set point" for body weight. Indeed, others have shown that there is an incomplete reversal of the increases in the intestinal tract and other organs such as liver, heart, and mammary glands following reproductive experience (31) (32) (33) (34) . Future studies are required to fully determine changes in body composition, such as changes in adipose tissue and lean body mass in RE mice.
Activity levels of RE mice were significantly lower than control mice, yet the neural mechanism underlying this change in physical activity remains unknown. Although there were no differences in running wheel activity/distance when mice had access to a running wheel, ambulatory activity around the cage was reduced. In rats, it has previously been shown that in a 3-minute open field test, RE rats were less active compared with controls (35) , suggesting that a reduction in activity is seen in rats, as well as mice, as a result of reproductive experience. Despite this change in activity levels, total energy expenditure was not significantly different between RE and control mice, suggesting that this lower activity level did not significantly affect overall energy expenditure, which is perhaps not surprising given that voluntary activity only accounts for ;8% to 15% of total energy expenditure (29) . Alternatively, it is possible that there is a shift in the partitioning of energy, and although energy expended on activity is reduced, some other aspect that contributes to energy expenditure is increased. More influential on total energy expenditure than energy expended on activity is BMR (36) , and although not specifically measured in the current study, others have examined resting metabolic rate at thermoneutral temperatures in RE mice. When resting metabolic rate has been specifically measured in RE mice, resting metabolic rate is increased compared with virgin age-matched controls (37) , indicating that this increase in metabolic rate might account for the lack of change in total energy expenditure despite suppressed activity levels in RE mice. A slight but significant increase in RER in RE mice was observed around 0500 hours, in the later part of the dark phase, whereas RER was not different at other time points examined between the two groups, and total dark phase RER was similar in RE and control mice. This might indicate slightly increased lipogenesis at this time in the RE mice or might be associated with the fact that ;0500 hours is the only time that RE mice are more active than control mice. Thus, in this situation, the RE group is physically working harder than the control group in driving up the RER. Interestingly, for the rest of the 24-hour period, RER is similar between the two groups, despite the lower activity levels of the RE group.
Reduced BAT thermogenesis favors weight gain, and UCP1 within BAT mediates the thermogenic effect in BAT (38) . During pregnancy, BAT atrophies, and there is reduced UCP1 and decreased temperature in the BAT area, all supporting a reduction in BAT thermogenesis as an adaptive change in late pregnancy (39) (40) (41) (42) . The results from the current study indicate that after pregnancy and lactation, UCP1 levels in BAT tissue are similar to control virgin mice despite the BAT modifications during pregnancy, and changes in BAT thermogenesis in the basal state are highly unlikely to contribute to increased body weight in RE mice. This is consistent with no obvious change in energy expenditure.
Pregnancy and lactation are generally associated with a reduction in anxiety-like behavior in rodents (43) . The long-term effects of reproductive experience on anxiety-like behavior have not been as extensively investigated, and results vary, possibly due to timing of study after pup weaning and testing procedure (44). Love et al. (45) found reduced levels of anxiety in RE female rats, whereas others have found that in young RE female rats, decreased anxiety-like behavior was associated with the proestrous phase of the estrous cycle only, and in older, "middle-aged" RE female rats, anxiety-like behavior was increased compared with agematched virgin controls (46) . Our EPM results in mice suggest increased anxiety-like behavior in RE mice, suggesting that parity can lead to long-term negative effects on anxiety. Although there was no difference in arm entry number between groups, which is thought to Figure 6 . (A) Weekly body weight of control and RE mice fed either a control diet or HFD for 6 weeks. *Significantly different from control diet-fed mice of the same physiological state. (B) Bars represent total body weight change over the course of the 6 weeks on the control or HFD. Glucose tolerance tests in (C) control and (D) RE mice fed either a control diet or HFD for 7 weeks. Blood glucose was monitored before and after the administration of 1 g/kg glucose in fasted mice, and bar graphs show area under the curve during glucose tolerance tests, *Significantly different from control diet-fed mice of same physiological state, P , 0.05, n = 11 to 12 per group. AUC, area under the curve; Con, control; n.s., not significantly different.
indicate similar levels of activity (47, 48) , when total distance traveled is determined, RE mice had significantly lower activity levels on the EPM, similar to what was observed within their home cages. Whether the decreased percentage of time spent in the open arms of the EPM demonstrates increased anxiety-like behavior in the RE mice or simply reflects the reduced ambulatory activity remains to be determined.
Decreased physical activity levels in mice have been shown to be a factor that can predispose for subsequent weight gain when exposed to an HFD (49), although work in humans does not necessarily support this idea (50, 51) . Higher levels of body fat prior to an HFD have also been shown to predispose for subsequent weight gain when exposed to an HFD (49) . RE mice demonstrate both decreased physical activities levels and increased body weight. However, when RE mice were subjected to the second challenge to energy homeostasis, that of an HFD, there was no increased susceptibility to weight gain. RE mice on an HFD were more susceptible to the negative consequences of the HFD on glucose regulation, and only RE mice on the HFD, not age-matched controls, showed impaired glucose tolerance.
Male mice and rats are more susceptible than females to the negative effects of an HFD on glucose tolerance, and similar patterns have been observed in humans (52) . Hypothalamic ERa, particularly in the arcuate nucleus, is proposed to play a protective role in HFD-induced obesity in female rodents due to its role in preventing hypothalamic inflammation (53, 54) . Therefore, we hypothesized that ERa expression may be decreased in the arcuate nucleus after reproductive experience, which may lead to impaired glucose tolerance on an HFD. Similar to what has been observed in rats (55) , however, no changes were detected in ERa in the arcuate nucleus of RE mice compared with control mice, suggesting that changes in ERa are unlikely to underlie the negative effects of an HFD on glucose tolerance in RE mice. However, this cannot be ruled out until ERa levels are measured while on the HFD and on the same stage of the estrous cycle for all mice. Male mice develop HFD-induced glucose intolerance more rapidly than females, and this is associated with more rapid compensatory pancreatic b-cell mass expansion after exposure to the HFD (56) . Insulin resistance that develops during obesity leads to increased insulin demand, which is met by increases in capacity for secretion by b-cells and an increase in b-cell mass (57) . However, as this condition advances, there is progressive failure of b-cells (57) . It could be hypothesized that the expansion of b-cells and increased insulin resistance of insulin-sensitive peripheral tissues during pregnancy, which is not maintained during lactation, may cause the pancreas to be more susceptible to the subsequent effects of the HFD in the RE mice, thus advancing the progression of metabolic dysfunction due to the HFD compared with the control females.
In conclusion, results from the current study show that there are long-term increases in body weight after a single reproductive experience. This is not associated with an increase in food intake or changes in total energy expenditure, which is perhaps not surprising given that these mice are not increasing their body weight at a greater rate than age-matched virgin controls. Rather, it appears that RE mice are defending a greater body weight. Reproductive experience leads to decreased activity levels, both in home cages and when mice are undergoing an EPM protocol, and this supports previous data from rats that suggested reduced activity after a reproductive experience (35) . Along with earlier findings showing that RE rodents are quicker to find food in various protocols (58) , reduced activity observed in the current study might suggest an increased efficiency of movement as a result of reproductive experience. Furthermore, we showed that reproductive experience leads to increased susceptibility to glucose intolerance while on an HFD, yet further work exploring the mechanisms underlying this increased susceptibility are required. Human data support our findings and suggest that reproductive experience can lead to increased rates of metabolic syndrome, and this rate increases as parity increases (30) . Therefore, further understanding of the interaction between reproductive experience, increased body weight, and susceptibility to negative consequences of an HFD would be beneficial.
